Necroptosis, an inflammatory form of cell death, is initiated by the activation of receptor-interacting protein kinase 3 (RIPK3), which depends on its interaction with RIPK1. Although catalytically inactive, the RIPK3 mutant D161N still stimulates RIPK1-dependent apoptosis and embryonic lethality in RIPK3 D161N homozygous mice. Whereas the absence of RIPK1 rescues RIPK3 D161N homozygous mice, we report that the absence of RIPK1 leads to embryonic lethality in RIPK3 D161N heterozygous mice. This suggested that the kinase domain of RIPK3 had a noncatalytic function that was enhanced by a conformation induced by the D161N mutation. We found that the RIPK3 kinase domain homodimerized through a surface that is structurally similar to that of the RAF family members. Mutation of residues at the dimer interface impaired dimerization and necroptosis. Kinase domain dimerization stimulated the activation of RIPK3 through cis-autophosphorylation. This noncatalytic, allosteric activity was enhanced by certain kinase-deficient mutants of RIPK3, including D161N. Furthermore, apoptosis induced by certain RIPK3 inhibitors was also dependent on the kinase dimerization interface. Our studies reveal that the RIPK3 kinase domain exhibits catalytically independent function that is important for both RIPK3-dependent necroptosis and apoptosis.
INTRODUCTION
The regulation of cell death is a key component of organismal homeostasis. Apoptosis is a form of noninflammatory programmed cell death mediated by caspases that is critical for development and to prevent autoimmune diseases. In contrast, necroptosis is an inflammatory form of regulated cell death that occurs when the caspases are inhibited and results in the release of cytosolic components and likely evolved as a response to pathogens that evade the apoptosis signaling pathway. The necroptotic pathway is initiated by the activation of receptor-interacting protein kinase 3 (RIPK3), which results in the recruitment and phosphorylation of the pseudokinase mixed lineage kinase domain-like protein (MLKL) (1) . MLKL phosphorylation (p-MLKL) leads to its oligomerization and recruitment to the plasma membrane, which triggers plasma membrane leakage resulting in cell death and release of intracellular contents (2) .
The activation of necroptosis by RIPK3 can be mediated by a related protein kinase, RIPK1. Activation of RIPK1 can also induce apoptosis through interactions with Fas-associated death domain protein (FADD) and is caspase-8-dependent. Although RIPK1 activation is associated with phosphorylation of the RIPK3 activation loop (AL), most studies, however, suggest that RIPK1 does not phosphorylate RIPK3 (1) . Rather, it is thought that active RIPK1 uses its RIP homotypic interaction motif (RHIM) to interact with the RIPK3 RHIM, and this interaction then promotes RIPK3 autophosphorylation and oligomerization through an ill-defined mechanism.
Eukaryotic protein kinases are generally inactive in their resting state and require a change in conformation to achieve proper activation. Activation involves repositioning of the AL to allow access of the catalytic site to adenosine triphosphate (ATP) and permitting the repositioning of the two kinase lobes for catalysis. In most cases, this change in conformation is induced by phosphorylation of the AL. The spine hypothesis posits that the active kinase conformation involves the assembly of two hydrophobic spines, the catalytic spine (C-spine) and regulatory spine (R-spine), which facilitate a conformation competent for catalysis (3) . How these spines are assembled and stabilized is unique for each kinase, and illustrate key points of regulation of kinase activity (4) . For certain kinases such as the epidermal growth factor receptor (EGFR) and the RAF family of kinases, kinase domain dimerization functions to induce the assembly of the spines and subsequent kinase activation. In these cases, there is asymmetry with regard to function-one of the kinases (the "activator") induces the active conformation of the second kinase (the "receiver") in a mechanism that is independent of catalytic activity (5, 6) . This concept explains why specific inactivating mutations of BRAF are oncogenic and why certain small-molecule inhibitors to BRAF induce paradoxical downstream activation of the pathway (7) (8) (9) (10) .
An unexpected function of RIPK3 was discovered when kinasedead, knock-in mice were generated by substitution of the aspartic acid in the conserved Asp-Phe-Gly (DFG) motif with asparagine. The DFG motif at the start of the AL coordinates divalent cations required for catalysis and forms part of the R-spine. Ripk3 D161N/D161N embryos succumb to apoptosis mediated by RIPK1 and caspase-8 unlike Ripk3
−/− embryos, suggesting that this mutation confers a gain-of-function activity that is kinase-independent (11) . Similarly, ATP-competitive inhibitors of RIPK3 and certain infections can induce apoptosis that is RIPK1-, FADD-, and caspase-8-dependent (12, 13) . Although Ripk3 D161N/D161N embryonic lethality can be rescued on a RIPK1-deficient background, here, we found that Ripk3 D161N/+ 
Ripk1
−/− embryos died because of necroptosis. To explain these results, we hypothesized that in the absence of RIPK1, RIPK3 may be activated by RIPK3 D161N in a manner similar to the RAF kinases involving both kinase domain dimerization and allostery.
The RAF and RIPK kinase families are members of the tyrosine kinase-like (TKL) family of serine-threonine kinases. When we compared the crystal structures of BRAF and RIPK3, we found that they both crystallize as dimers with a similar symmetry and a similar dimer interface (14) . Mutation of several residues in the dimer interface prevented homodimerization of RIPK3 kinase domain alone and reduced necroptotic signaling, suggesting that dimerization of the RIPK3 kinase domain is important for its function. In addition, using certain kinase-dead mutants of RIPK3, we showed that kinase activity can be stimulated by a mechanism involving allosteric activation and cis-autophosphorylation. This suggests that the mechanism of kinase activation by allosteric dimerization reported for the RAF and EGFR families may be more broadly used than previously appreciated (15) .
RESULTS

RIPK1-deficient Ripk3
D161N/+ embryos display MLKL-dependent lethality Unlike RIPK3
−/− mice, kinase-dead Ripk3 D161N/D161N (DFG to NFG) knock-in mice die at mid-gestation (~E11.5) from unrestrained apoptosis that is both RIPK1-and caspase-8-dependent (Fig. 1A ) (11) . When Ripk3
Ripk1
+/− were interbred, we did not observe any Ripk3 D161N/+ Ripk1 −/− embryos at E18.5, although all other genotypes were present at expected frequencies (Fig. 1A) . These data suggested that Ripk3 D161N/+ Ripk1 −/− embryos are lost because of mid-gestational lethality. Analysis of E12.5 Ripk3
embryos indicated that these embryos developed abnormal yolk sac vasculature compared to littermate controls (Fig. 1B) . At E11.5, Ripk3 D161N/+ Ripk1 −/− embryos showed abnormal RIPK3 autophosphorylation in many tissues, including placenta and liver, suggesting activation of necroptosis cell death pathways (Fig. 1C) .
Ripk3 D161N/+ Ripk1
−/− embryos survived to E18.5 when necroptosis was prevented by MLKL deficiency (Fig. 1D) . Lethality was dependent on the presence of the wild-type (WT) copy of Ripk3 because Ripk3 D161N/− Ripk1 −/− embryos survived to E18.5 ( Fig. 1E ). On the basis of these results, we speculated that RIPK1 loss permitted RIPK3 D161N to activate WT RIPK3 and promote necroptosis. Because RIPK1 uses its RHIM to suppress RIPK3 activation and necroptosis in the neonatal period (16) (17) (18) (19) (20) , we hypothesized that RIPK3 D161N is a noncatalytic gain-of-function mutant. Similar DFG mutations in the BRAF kinase are oncogenic (7).
The RIPK3 kinase domain interacts in a side-to-side interface similar to the RAF kinases Catalytically inactive forms of RAF can allosterically activate WT forms of RAF through a mechanism that is dependent on kinase domain dimerization (6) (7) (8) 21) . In the crystal structure of mouse RIPK3 [Protein Data Bank (PDB) ID: 4M66] (14), the kinase domain is arranged as a side-to-side molecular dimer. Strikingly, the interface of the mRIPK3 dimer is almost identical to that observed in the dimers formed by BRAF (4MNF) and CRAF (3OMV); superposition of RIPK3 against these structures yields root mean square deviation of 1.56 and 1.64 Å, respectively ( Fig. 2A) . This similarity suggested that the mechanism of RIPK3 activation might be similar to RAF. The dimer interface of RAF is largely composed of the loop between the C helix and the 4 strand (6, 22) . In BRAF, an arginine residue (R509) is positioned at the tip of the C-4 loop, adopting a "handshake pose" with the equivalent arginine on the opposite protomer to stabilize the dimer. The RIPK3 dimer interface showed a similar configuration of the C-4 loop with R69 of RIPK3 adopting the same position as R509 in BRAF ( Fig. 2A) . In addition, several other residues within the C-4 loop and outside the C-4 loop such as R96 and H156 formed part of the dimer interface of RIPK3 with E71 and E154 on the opposite protomer, respectively (Fig. 2, B to D) .
Although the RHIM domains of RIPK1 and RIPK3 mediate homoand heterodimerization of the full-length proteins, whether there is an additional interaction between the kinase domains is not known. To test whether the kinase domain of RIPK3 can form dimers, we performed size exclusion chromatography using baculovirus-purified mouse RIPK3 kinase domain (S02-H303), which lacks the RHIM domain. At a concentration of 30 M, RIPK3 migrated with an apparent molecular weight of 72 kDa, suggesting that the RIPK3 kinase domain can form dimers ( fig. S1, A and B) . However, protein aggregation prevented us from validating this using additional biophysical measurements. To confirm that RIPK3 can form homodimers in cells, we generated differentially tagged constructs using the hemagglutinin (HA) and FLAG epitopes that contained only the kinase domain (1 to 313 amino acids) of RIPK3. After their co-expression in human embryonic kidney (HEK) 293T cells, the HA epitope-tagged RIPK3 kinase domain (HA-RIPK3 KD) coimmunoprecipitated with the Flag epitope-tagged RIPK3 kinase domain (FLAG-RIPK3 KD) (Fig. 2 , E and F), which indicated that RIKP3 kinase domain dimerized.
We validated that the surface interface determinants observed in the RIPK3 crystal structure were important in mediating kinase domain dimerization by testing the role of R69, R96, and H156 and found that mutating these residues prevented coimmunoprecipitation of HA-RIPK3 KD-WT (Fig. 2, E and F) . To further confirm that RIPK3 forms dimers using the interface identified in the crystal structure, we performed split luciferase complementation assays in which the N-terminal (CBGN) and C-terminal (CBGC) fragments of click beetle luciferase were each fused to the RIPK3 kinase domain (23) . After co-expression of RIPK3 KD-CBGN and RIPK3 KD-CBGC in HEK293T cells, we detected strong luciferase activity compared to control cells co-expressing CBGC and CBGN fragments not fused to RIPK3 (Fig. 2G and  fig. S1 , C to E), further confirming that the RIPK3 kinase domain homodimerizes. We then confirmed by luciferase complementation that the R69H, R96F, R96G, R96H, and H156G, H156F, and H156W had decreased luciferase activity compared to WT RIPK3-CBGN, confirming our co-immunoprecipitation results (Fig. 2G) . We tested additional mutations at R69 because it is not absolutely conserved in RIPK3, and all, except R69T, exhibited decreased luciferase activity ( fig. S1D ). Substitution of several other residues predicted to be in the dimer interface with alanine-H46, N67, L68, L75, L76, and L77 (Fig. 2, B and D)-all impaired dimerization to varying degrees ( fig. S1E ). Collectively, these results indicated that the RIPK3 kinase domain formed dimers in a similar fashion to RAF.
RIPK3 kinase domain dimerization is required for necroptosis
To determine whether kinase domain dimerization is required for RIPK3 function, we reconstituted E1A-immortalized Ripk3 −/− murine embryonic fibroblasts (MEFs) with WT and mutated forms of RIPK3 using lentiviral constructs. RIPK3 was co-expressed with green fluorescent protein (GFP) using a P2A peptide linker that allowed transduced cells to be distinguished from nontransduced cells. After transduction, necroptosis was induced by treatment of cells with tumor necrosis factor- (TNF-) and the caspase inhibitor z-VAD-fmk (combined treament abbreviated as TZ).
As expected, TZ treatment of cells transduced with WT RIPK3 stimulated cell death and loss of GFP-expressing cells within 24 hours (Fig. 3, A and B) . Loss of GFP-expressing cells was not observed after reconstitution with RIPK3 K51A, confirming that RIPK3 catalytic activity is required for necroptosis (Fig. 3, A and B) . To test the role of kinase domain dimerization, Ripk3
−/− cells reconstituted with the R69H mutant were treated with TZ. In cells with this point mutation, the amount of cell loss was reduced as compared to cells expressing WT RIPK3 (Fig. 3, A and B) . Similar results were obtained when cells were sorted for equivalent GFP expression and absolute cell death measured ( fig. S2, A to C) . The defect in cell death was not due to defective kinase activity, because in vitro kinase assays showed similar activities between RIPK3 R69H and WT RIPK3 ( fig. S2D ). The importance of kinase domain dimerization was confirmed by showing that RIPK3 H156G and RIPK3 H156R both had defects in cell loss and phosphorylation of RIPK3 and MLKL after TZ treatment ( fig. S2, E and G) . The in vitro kinase activity of RIPK3 H156G was not impaired in comparison to WT RIPK3, although H156R was moderately reduced (fig. S2H ). These results suggest that RIPK3 dimerization is necessary for TNF--induced necroptosis.
In addition to TNF--induced necroptosis, which requires both RIPK1 and RIPK3, necroptosis can also be triggered by Toll-like receptors, such as TLR3 and TLR4, when caspase-8 is inhibited. In this setting, the RHIM-containing adaptor TIR domain-containing adapterinducing interferon- (TRIF) appears to engage RIPK3 independent of RIPK1 (24) . To determine whether RIPK3 kinase domain dimerization is required for TLR3-induced necroptosis, we reconstituted Ripk3 −/− bone marrow-derived macrophages (BMDMs) with lentiviral vectors encoding GFP alone, WT, the K51A, or the RIPK3 R69H mutations. Cells were stimulated with the TLR3 ligand poly(I:C) and z-VAD-fmk to induce necroptosis. BMDMs reconstituted with WT RIPK3 died, as indicated by the induced loss of GFP + cells, whereas cells expressing GFP alone remained viable (Fig. 3, C and D) . In comparison, BMDMs reconstituted with the K51A or R69H mutants of RIPK3 were less susceptible to TLR3-stimulated cell death (Fig. 3, C and D) . Together, these results demonstrated that necroptosis induced by both TNF and TLR3 stimulation depends on RIPK3 kinase domain dimerization. 
B
Ripk3 +/D161N Ripk1 A key event in necroptosis is the phosphorylation of Thr 231 and Ser 232 (T231/S232) of RIPK3 (p-RIPK3) and the phosphorylation of Ser 345 (S345) in p-MLKL by RIPK3. In WT RIPK3 expressing MEFs, phosphorylation of both RIPK3 and MLKL was detected maximally after 4 hours. In contrast, in both the K51A-and RIPK3 R69H-reconstituted MEFs, p-RIPK3 and p-MLKL were not detected up to the 4-hour time points (Fig. 3E ). Low levels of p-MLKL were detected at later time points in RIPK3 R69H-expressing cells after TZ treatment ( fig. S2F ), suggesting that the ability of R69H to mediate some low levels of dimerization ( Fig. 2E ) can still induce some signaling (Fig. 3, A and B) . Chemical cross-linking confirmed that MLKL formed oligomers, which correlated with the appearance of p-MLKL (Fig. 3E ). In addition, the formation of RIPK1/RIPK3 after TZ treatment was impaired by the R69H mutation, supporting the role of the dimerization interface in the activation of RIPK3 by RIPK1 (Fig. 3F) . Together, these results indicated that phosphorylation and activation of RIPK3 required kinase domain dimerization was to activate MLKL.
Allosteric activation of RIPK3 through kinase domain homodimerization
For RAF family kinases, dimerization allows one of the kinases (the activator) to induce the catalytic activity of the second kinase (the receiver). The activator kinase does not require catalytic activity but . Luciferase activity data are means ± SD combined from at least two independent experiments. **P < 0.01 and ***P < 0.005 by Mann-Whitney test. AU, arbitrary units.
instead requires that the kinase domain be poised in a conformation that allows for "allosteric" activity (6) . A specific mutation in the ATP-binding pocket in BRAF, V471F, located in a hydrophobic structure known as the C-spine (3, 25) , abrogates kinase activity yet stimulates allosteric activity of BRAF by promoting the closed, active conformation of the kinase (10). Allosteric activity is not exhibited by other kinaseinactivating mutations, such as when the catalytic lysine of BRAF is mutated. To test whether kinase-inactive RIPK3 could exhibit activator function in an analogous manner, we mutated the residue analogous to BRAF V471 in the C-spine of RIPK3, V36 to phenylalanine ( fig. S3A ). We confirmed that RIPK3 V36F lacked catalytic activity using an in vitro kinase assay similar to the mutation of the RIPK3 catalytic lysine, K51A (Fig. 4A) . Notably, Ripk3 −/− MEFs reconstituted with RIPK3 V36F did not exhibit spontaneous apoptosis ( fig. S3B ), and consistent with its lack of kinase activity, TZ treatment did not induce cell death ( fig. S3C) .
To determine whether a catalytically inactive kinase domain of RIPK3 could activate a WT RIPK3 kinase domain through dimerization, we fused full-length RIPK3 to specific domains, FK506 binding protein (FKBP) (activator) and FRB−rapamycin-binding-T2098L (FRB*) (receiver), that allowed for inducible heterodimerization by the compound, AP21967 (Fig. 4B) (26, 27) . We controlled for expression of each construct in Ripk3 −/− MEF cells based on co-expressed GFP and mCherry and isolated cells with similar fluorescent intensity by cell sorting and verified protein abundance by immunoblotting ( fig. S4A ). As expected, induced heterodimerization of WT RIPK3-FKBP with WT RIPK3-FRB* with AP21967 caused significant cell death (Fig. 4C) . Forced dimerization of V36F-FKBP (activator) with WT FRB (receiver) also stimulated significant cell loss, albeit not as potently as WT RIPK3 (Fig. 4 , C and D) (28, 29) . Cell death was dependent on kinase domain dimerization, as R69H mutations of both constructs attenuated AP21967-induced cell death (Fig. 4, C and D) .
In WT FKBP-expressing cells, p-MLKL was detected strongly only at the 90-min time point and minimally when the K51A mutant of RIPK3 was used as the activator. p-MLKL was detectable in cells that expressed the V36F mutant at both the 30-and 90-min time points but at levels lower than WT (Fig. 4E) . We confirmed that RIPK3 V36F had a similar ability to WT RIPK3 to dimerize as assayed by co-immunoprecipitation ( fig. S4B ). As expected, the R69H mutation impaired MLKL phosphorylation by both the WT and V36F RIPK3-FKBP* constructs (Fig. 4E) . These data demonstrated that certain kinase-inactive forms of RIPK3 can activate WT RIPK3 (Fig. 4F ).
RIPK3 D161N acts as a strong allosteric activator
Can allosteric activation explain the biological effects of the D161N mutant of RIPK3? To test this, we mutated the RHIM domain (VQIG to AAAA) in the RIPK3-FKBP constructs (11, 12, 18) to mitigate spontaneous cell death and used the FKBP/FRB* system to control dimerization.
Ripk3
−/− MEFs were reconstituted with FKBP fused to RHIM-AAAA (hereafter referred to as AAAA) WT, D161N, or D161N/RIPK3 R69H and tested as activator kinases. WT RIPK3-FRB* with intact RHIM domain was co-expressed and used as the receiver kinase. When WT RIPK3 was present as both activator and receiver, we detected AP21967-induced p-MLKL and p-RIPK3 after 2 hours of stimulation [Figs. 4E and 5 (A and B), and fig. S4B ]. In contrast, cells expressing the D161N/ AAAA mutation as the activator initiated MLKL phosphorylation earlier, with p-MLKL detectable within 30 min. This required an intact dimer interface as mutation of the R69H mutation abrogated induction of p-MLKL (Fig. 5, A and B, and fig. S4C ). WT RIPK3 lacking an intact RHIM domain (WT/AAAA) was unable to function as an activator highlighting the complexity of RHIM domain interactions in regulating RIPK3 activation. Consistently, no significant cell death was observed with any of the RHIM mutants (Fig. 5C ), confirming that RHIM-mediated higher-order complex formation is important for cell death (29) . Similar results to RIPK3 D161N/AAAA were obtained with RIPK3 D161G/AAAA, a substitution that is also found in oncogenic BRAF (fig. S4D) . A second dimer-impairing mutant, H156R, also blocked the ability of the D161N mutant of RIPK3 (RIPK3 D161N/ H156R/AAAA) to function as an allosteric activator ( fig. S4E ).
We also noted that baseline RIPK3 activation seen in cells expressing RIPK3 D161N/AAAA-FKBP and WT RIPK3-FRB* (Fig. 5B) was not observed in cells expressing the dimer-defective RIPK3 D161N/R69H/AAAA. We tested whether RIPK3-D161N/AAAA had an enhanced ability to dimerize and found that D161N/AAAA associated with WT RIPK3 receiver similarly to WT RIPK3/AAAA. However, this association was reduced by the R69H mutation (Fig. 5D) . Because RIPK3 D161N is kinase-inactive, it seemed unlikely that kinase transphosphorylation could explain RIPK3 autophosphorylation. Using RIPK3 D161N/AAAA fused to FKBP allowed us to distinguish WT RIPK3 from RIPK3 D161N by molecular mobility. When we co-expressed both constructs and analyzed AL phosphorylation using a RIPK3 phosphospecific antibody, we found that p-RIPK3 was only detected on WT RIPK3 in the cells that co-expressed RIPK3 D161N-FKBP (Fig. 5E) . Because the D161N mutant lacks catalytic activity, these results imply that autophosphorylation of RIPK3 occurs following through cisautophosphorylation, as was previously reported for BRAF (6) .
To confirm our hypothesis that RIPK3 D161N induces allosteric activation of WT RIPK3 and necroptotic cell death in the absence of RIPK1 ( fig. S6 ), we generated Ripk3 −/− Ripk1 KO MEFs using CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9. We then cotransduced these cells with mCherry-WT RIPK3 or K51A along with EGFP-RIPK3-D161N in the presence of the RIPK3 inhibitor GSK′872 to prevent spontaneous necroptosis. Withdrawal of GSK′872 allowed us to quantify the fraction of GFP + cells that were lost because of RIPK3-dependent cell death (Fig. 5, F and G) . Consistent with our in vivo data, removal of GSK′872 in cells coexpressing WT and D161N RIPK3 stimulated significant cell death. However, this RIPK3-dependent cell death was not observed when GSK′872 was removed from cells co-expressing the K51A or D161N RIPK3 mutants. These data further confirmed that cell death in the absence of RIPK1 required RIPK3 kinase activity.
RIPK3-dependent apoptosis requires kinase domain dimerization with RIPK1
The rescue of Ripk3 D161N/D161N (DFG to NFG) knock-in mice by Ripk1 deficiency suggests that RIPK3 D161N activates RIPK1 to induce apoptosis. To test whether this was dependent on kinase domain dimerization, we reconstituted Ripk3 −/− MEFs with WT RIPK3 or RIPK3 mutants and inhibited apoptosis with z-VAD-fmk. Withdrawal of z-VAD-fmk allowed us to quantify the fraction of GFP + cells that were lost because of apoptosis ( fig. S5A ). Little to no cell death occurred in Ripk3 −/− MEFs reconstituted with WT, K51A, or V36F RIPK3. In contrast, there was a ~50% loss of GFP + cells in cells reconstituted with RIPK3 D161N (Fig. 6A) . This effect was abrogated in cells expressing RIPK3 D161N/R69H (Fig. 6A and fig. S5B ). Because z-VAD-fmk withdrawal did not stimulate cell death in Ripk3 −/− Caspase-8 KO cells (Fig. 6A ), cell death occurred via caspase-8-dependent apoptosis. RIPK3 mutant expression was verified by immunoblotting ( fig. S5C ). These data indicated that RIPK3 kinase domain dimerization was also important to stimulate apoptotic cell death.
Some ATP-competitive RIPK3 inhibitors like GSK′843 and GSK′872 that inhibit necroptosis can, at certain concentrations, stimulate apoptosis in a RIPK1-, FADD-, and caspase-8-dependent manner (11, 12) . Our results suggested that drug binding may induce conformational changes that induce allosteric activation similar to what was reported for certain BRAF inhibitors (7) (8) (9) .To test this, we treated cells reconstituted with WT and RIPK3 R69H mutants with GSK′843 or GSK′872 and found that R69H mutations abrogated sensitivity to cell death ( Fig. 6B and fig. S5D ). These results suggested that apoptosis induced by these drugs required RIPK3 kinase domain dimerization. By coimmunoprecipitation, we found that WT RIPK3 formed complexes with RIPK1 after GSK′872 and z-VAD-fmk treatment, and this interaction was lost in cells expressing RIPK3 R69H (Fig. 6C ). This result confirmed that these drugs induced RIPK1/RIPK3 dimers and demonstrated that allosteric activation was mediated through the dimer interface.
Destabilization of the RIPK3 R-spine impairs activator function
When kinases are in their active conformation, the C-and R-spines are assembled (3) . If the active conformation of RIPK3 D161N is important for its function as an activator, destabilizing the R-spine should disrupt its ability to induce cell death (Fig. 6D) . A critical R-spine residue is contributed by Met 65 in the C helix of RIPK3. Although most kinases contain leucine at this position, substitution of leucine with methionine in this position strengthens the R-spine and promotes the active conformation of the kinase (25) . Thus, we hypothesized that substituting a leucine in this position could destabilize the R-spine and weaken RIPK3 D161N activator function. Accordingly, we found that apoptosis induced by D161N was completely abrogated by the M65L substitution (Fig. 6E) . Cells expressing RIPK3 M65L also had a defect in TZ-induced necroptosis (Fig. 6F) , and cell death was not observed after treatment with RIPK3 inhibitors GSK′843 and GSK′872 (Fig. 6F ), nor were RIPK3/RIPK1 complexes means ± SD pooled from at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.005 by Student's t test. n.s., not significant.
formed ( fig. S5E ). These results indicated that disrupting the R-spine of RIPK3 prevented association with RIPK1 and cell death. Further, these data suggest that the RIPK3 D161N mutation stabilizes the closed, active conformation of RIPK3.
DISCUSSION
The activation of RIPK3 is essential to the induction of necroptosis (1, 30, 31 ), yet exactly how RIPK3 is activated remains elusive. Although the forced dimerization of RIPK3 is sufficient to induce necroptosis, the molecular events that explain how dimerization promotes RIPK3 kinase activity are unclear (29) . On the basis of the requirement for AL phosphorylation for kinase activation, it is widely assumed that dimerization allows for kinases to cross-phosphorylate each other in trans. Although this is the mechanism of activation for kinases such as the Src family, Aurora A, IRAK4, and TBK1, how the initial kinase is activated is unclear (32) (33) (34) . Allosteric activation of kinases by protein-protein interactions can potentially explain how kinase activation for some kinases is initiated. This is exemplified by cyclin binding to cyclin-dependent kinases (CDKs), which induces an active conformation of CDKs to promote catalytic activity (35) . The ability of BRAF inhibitors to activate RAF kinases revealed that kinase dimerization can also function as a mechanism of allosteric activation (7, 9, 36) . The ability of the pseudokinase, ERBB3, to activate EGFR family members is another example of allosteric activation (37) . Because RIPK3 and RAF are similar and belong to the TKL family, we considered that RIPK3 could be regulated similarly to RAF kinase. Accordingly, the crystal structures of RIPK3 showed that they form the same allosteric dimer as the RAF kinases (14, 38) . Our alignment shows the similarity of their orientation and their respective dimer interfaces. Although interactions between RIPK3/RIPK3, RIPK1/RIPK1, and RIPK1/RIPK3 dimers are driven by RHIM domains, our work suggests that the one consequence of protein dimerization is secondary dimerization of the kinase domains and that this is the driving force for kinase activation. It is interesting that the conserved arginine in the dimer interface of murine RIPK3, R69, is not highly conserved in RIPK3 from other species. By testing almost all possible residues in this position, we found that in the mouse system, most substitutions impaired dimerization except for threonine, which appeared to promote dimerization. This is reminiscent of RAF where substitution of the conserved arginine with alanine strongly promotes dimerization (39) . Supporting the rapid evolution of this signaling pathway, the mechanism of human and mouse MLKL activation is distinct likely in response to different selective forces (40) . Thus, the lack of conservation of this residue may reflect the rapid evolution of RIPKs due to selective pressure exerted by pathogens (41) . A comparison of kinase domains across multiple species shows lower conservation of residues in the dimer interface compared to the rest of the kinase domain, suggesting that this surface has evolved within each species.
The RIPK3 D161N knock-in mutation in mice suggests an unexpected noncatalytic function of RIPK3 (8) . Our results demonstrating that WT RIPK3 can be activated by kinase-inactive forms of RIPK3 suggested that RIPK3 is allosterically activated by kinase domain dimerization. To support a mechanism of allosteric activation, we showed that the kinase domain of RIPK3 can homodimerize with itself and that RIPK3 activation was induced by dimerization with kinase domains containing the D161N or the V36F mutation. Mutations that reduced dimerization impaired the activation of WT RIPK3 and the induction of cell death.
Our model of RIPK3 dimerization can also explain the phenotypes of the RIPK3 D161N/ WT RIPK3 heterozygous mice (graphically depicted in fig. S6 ). Here, we reported that whereas heterozygous RIPK3 D161N mice are viable when RIPK1 is present, removing RIPK1 results in embryonic lethality by constitutive necroptosis. Our data support a model in which RIPK3 D161N can allosterically activate WT RIPK3 to induce p-MLKL and necroptosis. Although the RHIM domain is required for RIPK1 inhibition of necroptosis (18) , the exact mechanism is unclear. We speculate that it could be, due to competition for dimer formation from RIPK1, limiting the number of effective RIPK1/RIPK3 and RIPK3/RIPK3 complexes that could be formed.
What is the structural basis underlying the phenotypes observed with the RIPK3 D161N mutation? Mutations of the analogous aspartic acid in BRAF (D594) are relatively common in some types of tumors and can induce lung tumors in a knock-in mouse (42, 43) . Although it has been reported that BRAF D594N forms constitutive dimers with CRAF, a more recent study suggests that dimers between BRAF D594N and CRAF requires prior Ras activation. Nonetheless, both studies support the idea that heterodimers formed with BRAF D594N result in activation of CRAF. Because the conformation of the kinase-inactive forms of BRAF and RIPK3 is important for allosteric activation, it seems likely that this change stabilizes the active conformation of the kinase. This conclusion was supported by the M65L mutation of RIPK3, which we predicted would destabilize the active conformation of the kinase and impaired allosteric activation. Therefore, the stability of the active conformation as defined by assembly of the R-spine may be the key to effectiveness as an allosteric activator.
On the basis of our previous work (6, 10), we predicted that the V36F mutant of RIPK3 would impair the kinase activity of RIPK3 and also act as an allosteric activator. V36 is positioned in the back of the ATP pocket, and a substitution with phenylalanine blocks ATP binding (10) by mimicking the adenine ring of ATP and closes the two kinase lobes by stabilizing the C-spine (10). We found that V36F functioned as a moderate allosteric activator, to a lesser extent than D161N, but stronger than K51A. We suspect that changes in the dynamics of the kinase domain lobes mediated by the V36F and D161N mutations underlie their different efficiencies in allosteric activation.
RIPK3-dependent caspase activation has been reported downstream of lipopolysaccharide treatment in the setting of inhibitor of apoptosis protein (IAP) deficiency and influenza A infection (40, 44) . Because the kinase activity of RIPK1 is not required for its function in RIPK3-mediated apoptosis, interaction of an "active" RIPK3 with RIPK1 may function to induce conformational changes that allow for FADD and caspase-8 binding. An "activating" interaction between RIPK3 D161N and RIPK1 can explain embryonic lethality and constitutive apoptosis in the D161N/D161N RIPK3 mice when RIPK1 is present (45) .
Given that two families of TKL kinases (RAF and RIPK) now appear to use an allosteric activation mechanism of activation driven by dimerization, it will be interesting to determine whether this is a general phenomenon of other TKL kinases and/or whether it occurs more broadly in the kinase family. A better understanding of this mechanism can potentially transform our understanding of kinase activation and inform the better development of kinase inhibitors.
MATERIALS AND METHODS
Mice
All animal experiments were approved by the Genentech Institutional Animal Care and Use Committee. Ripk3
, and Ripk1 −/− (11) were generated at Genentech as previously described. Mlkl −/− (46) were obtained from the Walter and Eliza Hall Research Institute. Mice were maintained in a specific pathogen-free facility. The experiments were not randomized, and the investigators were not blinded to allocations during experiments and outcome assessment. No statistical methods were used to predetermine sample size. For timed pregnancies, mice were designated E0.5 on the morning a vaginal plug was detected. Embryos were harvested at the indicated times and genotyped by polymerase chain reaction (PCR) using primers listed below. 5′-GATGCCAGACATGAAG-CATCC-3′, 5′-GGAGGATTAAAGGTCTGAGGC-3′, and 5′-TCATTGCC-TCCCTTACTACCC-3′ amplified 265-base pair (bp) WT and 231-bp Ripk1-DNA fragments. Ripk3 genotyping primers: 5′-AGAAGAT-GCAGCAGCCTCAGCT-3′, 5′-ACGGACCCAGGCTGACTTATCTC-3′, and 5′-GGCACGTGCACAGGAAATAGC-3′ amplified 130-bp WT and 298-bp Ripk3-DNA fragments; 5′-CGCTTTAGAAGCCTTCAG-GTTGAC-3′ and 5′-ACGGACCCAGGCTGACTTATCTC-3′ amplified 345-bp WT and 379-bp Ripk3
D161N
-DNA fragments; and 5′-TAT-GACCATGGCAACTCACG-3′, 5′-ACCATCTCCCCAAACTGTGA-3′, and 5′-TCCTTCCAGCACCTCGTAAT-3′ amplified 498-bp WT and 158-bp Mlkl-DNA fragments.
Immunohistochemistry
After collection, embryos and placentas were immersion-fixed in formalin and transferred to phosphate-buffered saline (PBS) before tissue processing. Tissues were then dehydrated in 70% ethanol followed by Flex 95 (Richard-Allan Scientific) and Flex 100 solutions, cleared in xylene, and routinely infiltrated and embedded in paraffin. Embryos and placentas were embedded in separate blocks.
Formalin-fixed, paraffin-embedded tissue sections were stained with rabbit anti-mouse phospho-RIPK3 antibody (5 g/ml; GEN135-35-9, Genentech) recognizing phosphorylated residues Thr 231 , as previously described (18) . Immunohistochemistry was performed on the Ventana Discovery XT platform with Cell Conditioning 1 standard antigen retrieval. The reaction was detected with the HQ amplification system (p-RIPK3) using 3,3′ diaminobenzidine as the chromogen and hematoxylin counterstain.
Constructs and cell culture
Mouse Ripk3 complementary DNA (cDNA) was obtained as a GeneBlock Fragment from Integrated DNA Technologies and cloned into pcDNA3 (Invitrogen) using Gibson Assembly. Lentiviral constructs were generated using the pUltra-EGFP-P2A-T2A and pUltra-mCherry-P2A-T2A vectors (gifts from A. Brunger; Addgene) with RIPK3 cloned in-frame with EGFP-P2A. All mutations were generated using PCR and verified by conventional Sanger sequencing. FKBP and FRB constructs were originally obtained from Addgene, and FRB was modified with T2098L mutation and is designated FRB*. The following vectors were then constructed using Gibson Assembly pUltra-EGFP-P2A-RIPK3-GSG-FRB*-HA and pUltra-mCherry-2xFlag-RIPK3-GSG-FKBP.
E1A-immortalized Ripk3 −/− MEFs (11) and HEK293T cells were cultured in complete Dulbecco's modified Eagle's medium (DMEM). To prepare lentivirus, HEK293T cells were transfected with the pUltrabased third-generation lentiviral vectors along with psPAX2 and pVSG-G using a Mirus LT-1 transfection reagent. Viral supernatant was collected at 48 hours after transfection and used to infect target cells with the addition of protamine.
To generate Ripk3 −/− Caspase-8 KO and Ripk3 −/− Ripk1 KO MEFs, Ripk3 −/− MEFs were transfected with pcDNA3-GFP and pX330 at a ratio of 1:20 using the Amaxa Nucleofector MEF1 kit (Lonza). Forty-eight hours later, ~100,000 GFP + cells were sorted, and the polyclonal population was screened for lack of Caspase-8 expression by immunoblotting. The single-guide RNA sequences used were 5′-TGAGATCCCCAAAT-GTAAGC-3′ (Casp8-1), 5′-AATCCTCGATCTTCCCCAGC-3′ (Casp8-2), and 5′-GGGTCTTTAGCACGTGCATC-3′ (Ripk1-1).
Generation of BMDMs Femurs and tibias from Ripk3
−/− C57BL6/J mice were manually flushed to harvest bone marrow cells, and red blood cells were lysed in ACK lysis buffer (150 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA). Cells were cultured in complete DMEM containing 10% of CMG cell-conditioned medium (containing M-CSF) for 6 days to obtain BMDMs. On days 1 and 2 of culture, cells were spin-fected with lentiviral supernatant produced by HEK293T cells at 2000 rpm for 1 hour. Cells were harvested on day 6 for stimulation.
Chemicals rmTNF-a (50 ng/ml; Peprotech) was used unless otherwise indicated. z-VAD-fmk (Enzo) was used at 20 M. Low-molecular weight poly(I:C) (50 g/ml; Invivogen) was used. AP21967 (A/C heterodimerizer; Clontech) was used at the indicated concentrations. RIPK3 inhibitors GSK′842 (Aobious) and GSK′872 (Millipore) were used at the indicated concentrations.
In vitro kinase assay
For in vitro kinase assays, immunoprecipitates were washed once with a kinase reaction buffer [25 mM Hepes, 10 mM MgCl 2 , 0.5 mM Na 3 VO 4 , 0.5 mM dithiothreitol (DTT) (pH 7.4)], then resuspended in 25 l of kinase reaction buffer, and then incubated with 5 Ci of [-32 P]-ATP (PerkinElmer), and reactions were incubated at 30°C for 30 min. Reactions were terminated by the addition of a 4× SDS sample buffer and subject to immunoblotting and autoradiography.
Immunoprecipitation and Western blotting
For Flag immunoprecipitation, cells were washed with ice-cold PBS and lysed in the following lysis buffer: 20 mM tris-HCl (pH 7.5), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM EGTA, 1% NP-40, 50 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitors (Sigma-Aldrich). The cell lysates were centrifuged at 20,000g for 10 min, and the supernatants were subjected to immunoprecipitation at 4°C for 1 hour using Flag M2 Agarose Beads (A2220, Sigma-Aldrich). After the immunoprecipitation, the beads were washed three times in lysis buffer, and the immunoprecipitated proteins were subsequently analyzed by immunoblotting.
For RIPK1 immunoprecipitation, cells were lysed in the following buffer: 20 mM tris-HCl (pH 7.5), 137 mM NaCl, 1 mM EDTA, 1.5 mM MgCl 2 , 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitors (Sigma-Aldrich), followed by centrifugation at 20,000g for 10 min. Immunoprecipitation was carried out using anti-RIPK1 (BD Biosciences) and incubated at 4°C overnight. Antibody complexes were recovered after 4-hour incubation with Magnetic Protein G Dynabeads (Thermo Fisher Scientific). Beads were washed three times with lysis buffer before elution with 1× SDS sample buffer.
Proteins were separated by 8 or 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). Membranes were incubated with primary antibodies, as indicated, followed by detection with horseradish peroxidase (HRP)-conjugated species-specific antibody to immunoglobulin light chain (115-035-174, 211-032-171; Jackson ImmunoResearch) and a Luminata HRP substrate (Millipore). KD The expression of baculovirus construct MmRIPK3 (S02-H303) Nterminal histidine, which is the same construct used for PDB deposition 4M69, carrying the same point mutations (distal to dimer interface), was expressed in T.ni cells. The cell paste was homogenized in 50 mM tris (pH 8.0), 0.5 M NaCl, 5% glycerol, 10 mM imidazole, 10 mM BME, 0.25% CHAPS, and protease inhibitors (Roche), and the lysate was incubated with Ni-NTA beads (Qiagen) for 1 hour at 4°C. The protein bound to Ni-NTA resin was pelleted by centrifugation at 1900 rpm. The resin was then packed into a gravity column and washed with the lysis buffer supplemented with 30 mM imidazole. The bound protein was then eluted using lysis buffer + 250 mM imidazole and immediately injected onto S200 10/300 Increase column (GE Healthcare) that had been preequilibrated with 50 mM tris (pH 8.0), 500 mM NaCl, 5% glycerol, 1 mM tris(2-carboxyethyl)phosphine. Gel filtration standards (Bio-Rad) were then injected over the same column. Ve/Vo was plotted against the log of molecular weight to generate a standard curve. The red triangle indicates the position of MmRIPK3, indicating that the construct is a dimer at the RIPK3 concentration injected (1 mg/ml).
Expression and purification of MmRIPK3
Split luciferase assay
HEK293T cells were transfected with pRK-based CBGN and CBGC constructs (23) . Six hours after transfection, cells were lysed, and luciferase activity was measured using the Bright-Glo Luciferase Assay System (Promega) in a plate reader.
BMH cross-linking
Lysates were prepared as previously described (47) . Briefly, 50 l of cell lysates was incubated with 125 M BMH (Thermo Fisher Scientific) for 5 min, and reactions were stopped with the addition of DTT at a final concentration of 50 mM. Samples were analyzed by immunoblot as described above.
Antibodies
The following antibodies were used in this study: anti-Flag (M2, Sigma-Aldrich), anti-HA (H6908, Sigma-Aldrich), anti-RIPK3 (ADI-905-242, Enzo), anti-RIPK1 (38/RIP, BD), anti-MLKL (AP14272b, Abgent), anti-p-MLKL(S345, Abcam), anti-p-RIPK3 (18), anti--actin (AC-74, Sigma-Aldrich), and anti-ERK2 (C-14, Santa Cruz Biotechnology).
Cell death assays
Cell death was analyzed using flow cytomery or a CellTiter-Glo Luminescent Cell Viability Assay kit (Promega). For flow cytometry, after the indicated treatment, plated cells were washed with 1× PBS to remove dead cells, trypsinized, and resuspended in DMEM/10% fetal bovine serum (FBS). An equal volume of 2% FBS/1× PBS/2 mM EDTA containing 4′,6-diamidino-2-phenylindole (DAPI) was added to exclude dead cells. For certain experiments, relative number of cells was quantified by the addition of CountBright Absolute Counting Beads to wells (Thermo Fisher Scientific). Samples were analyzed on LSR II or LSRFortessa (BD Biosciences). Data were analyzed by FlowJo (Tree Star), and cells in the displayed plots were pregated on DAPI − singlets.
CellTiter-Glo assays were performed according to the manufacturer's instructions. In brief, 2 to 3 × 10 3 cells were seeded in a 96-well plate. After treatment, equal volume of CellTiter-Glo reagent was added to the cell culture medium, which had been equilibrated to room temperature for 30 min, and cells were lysed with shaking for at least 15 min at room temperature. Luminescence recording was performed with Cytation 5 (Biotek). The percentage of cell loss was determined by the percentage of ATP loss relative to untreated controls.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/544/eaar2188/DC1 Fig. S1 . Biochemical analysis of the RIPK3 kinase domain. 
